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Introduction {#sec1}
============

The ventral tegmental area (VTA) plays crucial roles in the processing of both rewarding and aversive stimuli ([@bib2], [@bib12], [@bib35], [@bib1]). The VTA contains several different types of neurotransmitter-releasing neurons that each play causal roles in reward or aversion ([@bib23], [@bib32], [@bib13], [@bib29]). Among the most recently described neurons of the VTA are those expressing vesicular glutamate transporter 2 (VGluT2), which release the excitatory neurotransmitter glutamate ([@bib37]). VTA VGluT2 neurons are a collection of molecularly heterogeneous neurons mostly found within the midline aspects of the VTA in mouse, rat, nonhuman primate, and human ([@bib37], [@bib38], [@bib36], [@bib24], [@bib26], [@bib33], [@bib40]). Subsets of VTA VGluT2 neurons solely release glutamate, whereas others co-release glutamate and dopamine ([@bib40]) or glutamate and GABA ([@bib24]). Although multiple types of VTA VGluT2 neurons may target the same output structure, it has so far been shown that VGluT2-only neurons project to nucleus accumbens shell, and VGluT2-GABA neurons project to the lateral habenula ([@bib20], [@bib24]). VTA VGluT2 neurons have, in addition to their molecular heterogeneity, diverse roles in reward or aversion. Behavioral studies have shown that optogenetic activation of VTA VGluT2 neurons or their axonal terminals elicit aversive or rewarding responses ([@bib23], [@bib14], [@bib34], [@bib39], [@bib20]). However, the patterns of neuronal activity or synchronization induced by optogenetic activation may not occur under physiological conditions. Thus, to determine the participation of individual VTA VGluT2 neurons in reward or aversion under physiological conditions, we determined the changes in firing rate of optogenetically phototagged VTA VGluT2 neurons in response to sucrose reward or an aversive airpuff stimulus in freely moving mice.

We found that, although most VTA VGluT2 neurons decreased their firing rates during sucrose consumption, a few VTA VGluT2 neurons increased their firing rates. We also found that, although the firing rates of some VTA VGluT2 neurons changed only by the presence of the delivered reward, the firing rates of others did not differ by the presence or omission of the reward. Regarding responses by VTA VGluT2 neurons to the aversive stimulus, we found that the firing rates of most VTA VGluT2 neurons increased in response to airpuff, including those neurons whose firing rates were increased in response to sucrose reward. Based on our results from single-cell *in vivo* recordings, we conclude that VTA VGluT2 neurons are heterogeneous in their function. We suggest that, under physiological conditions, most VTA VGluT2 neurons signal aversion, whereas some VTA VGluT2 neurons signal salient stimuli.

Results {#sec2}
=======

*In Vivo* Recordings of VTA VGluT2 Neurons {#sec2.1}
------------------------------------------

We injected a Cre-dependent adeno-associated viral vector encoding channelrhodopsin2 (ChR2) tethered to eYFP into the VTA of VGluT2-IRES::Cre mice (VGluT2-ChR2 mice; [Figure 1](#fig1){ref-type="fig"}A). Three weeks later, we implanted into the VTA of these VGluT2-ChR2 mice an organized array of stainless steel microwires, which were surrounded by an optical fiber ([Figure 1](#fig1){ref-type="fig"}B). We trained mice on a reward task in which sucrose delivery was paired with a CS^+^, but not paired with a CS^--^ ([Figure 1](#fig1){ref-type="fig"}C). We compared the percentage of reward port entries in response to each cue on their first day of training with that on the recording day, which occurred at a minimum of the third day of training. This comparison yielded a significant cue × day interaction, F(1,13) = 56.24, p \< 0.001. Pairwise comparisons indicated that, VGluT2-ChR2 mice did not differ in reward port entries in response to either cue on day 1 (p \> 0.05), whereas VGluT2-ChR2 mice showed significantly greater reward port entries in response to the CS^+^ compared with the CS^--^ on the recording day (p \< 0.001) ([Figure 1](#fig1){ref-type="fig"}D). The discrimination between CS^+^ and CS^--^ cues by VGluT2-ChR2 mice on the recording day was learned, as indicated by significantly more reward port entries for the CS^+^ on the recording day (at least 3 days of training) than on the first day of training (p \< 0.05) and significantly fewer reward port entries for the CS^--^ (p \< 0.01) ([Figure 1](#fig1){ref-type="fig"}D).Figure 1Recording of VTA VGluT2 Neurons during a Sucrose Reward Task(A) VGluT2-IRES::Cre mice were injected in VTA with AAV5-EF1α-DIO-ChR2-eYFP.(B) Sixteen-channel stainless steel microwire array that was implanted in the VTA for neuronal recordings. Inset shows optical fiber and electrodes.(C) Mice were trained on a sucrose reward task. During training, sucrose delivery was paired to the CS^+^ tone but not to the CS^--^ tone.(D) Mice learned to make reward port entries in the sucrose delivery port in response to the CS^+^ significantly more than to the CS^--^ on the recording day (minimum third day of training), when compared with the first day of training. When two recordings were performed, recording day behavioral data reflect the average performance over both recording days. Data are mean ± SEM.(E) Scatterplot of all recorded neurons with median latency to fire an action potential following onset of photostimulation and fidelity to fire an action potential within 100 ms following onset of photostimulation (5 ms, 10--20 mW). Optogenetically identified VTA VGluT2 that met criteria (green dots) and those that did not meet criteria or were outside the VTA (gray dots).(F) Optogenetically identified VTA VGluT2 neuron. Raster and histogram are centered on photostimulation (blue rectangle; 5 ms, 15 mW) onset (time 0), and each dot representing an action potential.(G) Mean action potential waveforms of VTA VGluT2 neurons before photostimulation (spontaneous; black tracings) and following photostimulation onset (evoked, cyan tracings). Black vertical scale bars, 100 μV, horizontal scale bar, 200 μs.(H) VTA localized microwire (blue spot surrounded by lesioned tissue) within the VTA, as delineated by tyrosine hydroxylase-immunoreactivity (brown). Inset shows the same section, before tyrosine hydroxylase immunoreactivity, under fluorescence microscopy showing ChR2-eYFP expression. Arrow identifies VTA localized microwire surrounded by ChR2-eYFP (inset) and tyrosine hydroxylase immunoreactivity.(I) Localization of microwires that recorded each optogenetically identified VGluT2 neuron (green dots) within the VTA.\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

Of 246 recorded midbrain neurons, 27 neurons were confirmed to be within the VTA and were optogenetically classified as VGluT2 neurons based on their short latency (mean and SEM: 7.80 ± 0.56 ms) and high fidelity (mean and SEM: 0.86 ± 0.03) firing in response to 5-ms pulses of 473 nm light (n = 27, [Figures 1](#fig1){ref-type="fig"}E and 1F). We did not detect among the recorded VTA VGluT2 neurons differences between light-evoked waveforms or spontaneous waveforms ([Figure 1](#fig1){ref-type="fig"}G). We established the distribution of VGluT2 recorded neurons within the VTA by postmortem detection of the tips of the micro-electrode array among the tyrosine-hydroxylase-positive neurons ([Figure 1](#fig1){ref-type="fig"}H). Recorded VTA VGluT2 neurons were localized to the rostral linear nucleus (n = 13 neurons from 9 microwires), parabrachial pigmented nucleus (n = 10 neurons from 8 microwires), and the paranigral nucleus (n = 4 neurons from 4 microwires) ([Figure 1](#fig1){ref-type="fig"}I). We found that VTA VGluT2 neurons had diverse waveform characteristics and a wide range of baseline firing rates between 0.5 and 34.4 Hz (mean ± SEM: 9.1 ± 1.6 Hz).

Firing Rates of VTA VGluT2 Neurons Following Reward Delivery {#sec2.2}
------------------------------------------------------------

To determine possible responses of VTA VGluT2 neurons to sucrose reward, we first compared the changes in firing rate of VTA VGluT2 neurons following reward port entries during CS^+^ trials (paired with sucrose delivery) with changes in firing rate following reward port entries during CS^--^ trials (not paired with sucrose delivery) ([Figure 2](#fig2){ref-type="fig"}A). We found that following reward port entry on CS^+^ trials, about half of the recorded VTA VGluT2 neurons (n = 13/27) showed at least a 50% decrease in firing rate, whereas about 10% of VTA VGluT2 neurons (n = 3/27) showed at least a 50% increase in firing rate ([Figures 2](#fig2){ref-type="fig"}B and 2C). The changes in firing rate of VTA VGluT2 neurons following CS^+^ reward port entry were significantly greater than the changes in firing rate following reward port entry during CS^--^ trials, t(26) = −4.41, p \< 0.001 ([Figures 2](#fig2){ref-type="fig"}D and 2E).Figure 2Subpopulations of VTA VGluT2 Neurons Decrease or Increase Firing Rate at Reward(A) Reward task during recordings in which 90% of the CS^+^ presentations resulted in sucrose delivery; the remaining 10% of CS^+^ presentations did not result in sucrose delivery (referred as CS^E^), and 100% of CS^--^ trials did not result in sucrose delivery.(B) Changes in firing rate of each recorded VTA VGluT2 neuron before and after reward port entries during CS^+^ trials (paired to sucrose delivery) (time 0).(C and D) (C) VTA VGluT2 neuron showing a decrease in firing rate following reward port entry during CS^+^ trials (time 0). (D) The same neuron showing a reduced decrease in firing rate following reward port entry during CS^--^ trials (entry = time 0).(E) VTA VGluT2 neurons had a significantly greater change in firing rate following reward port entry during CS^+^ trials compared with CS^--^ trials.(F and G) (F) VTA VGluT2 neuron showing a decrease in firing rate following reward port entry during CS^+^ trials (time 0). (G) The same neuron showing a similar decrease in firing rate following reward port entry during CS^E^ trials (entry = time 0).(H) VTA VGluT2 neurons had a significantly greater change in firing rate following reward port entry during CS^+^ trials compared with CS^E^ trials.(I and J) (I) VTA VGluT2 neuron showing a decrease in firing rate following reward port entry during CS^+^ trials (time 0). (J) The same neuron showing no change in firing rate following reward port entry during CS^E^ trials (entry, time 0).\*\*\*p \< 0.001, \*\*p \< 0.01, ns not significant.

The diminished changes in firing rate of VTA VGluT2 neurons following reward port entry during CS^--^ trials compared with CS^+^ trials may reflect different reward expectations or responses to the absence of the reward during CS^--^ trials. To differentiate between these two possibilities, we compared the changes in firing rate of VTA VGluT2 neurons following reward port entry during the 90% of CS^+^ trials that resulted in sucrose delivery against the 10% of error trials (CS^E^) in which the CS^+^ was played but did not result in sucrose delivery ([Figure 2](#fig2){ref-type="fig"}A). We found that as a group, VTA VGluT2 neurons had a significantly greater change in firing rate following reward port entry during CS^+^ trials compared with CS^E^ trials, t(24) = −2.94, p \< 0.01 ([Figures 2](#fig2){ref-type="fig"}F--2J). However, by a direct comparison of individual neurons\' firing rates following reward port entries for CS^+^ or CS^E^ trials, we found that 55.56% of VTA VGluT2 neurons (n = 15) had less than a 50% difference in firing rate between these events ([Figures 2](#fig2){ref-type="fig"}F and 2G), suggesting that a subpopulation of VTA VGluT2 neurons is responsive to reward expectation regardless of its delivery. In contrast, 44.44% of VTA VGluT2 neurons (n = 12) had at least a 50% difference in firing rate following reward port entry for CS^+^ or CS^E^ trials ([Figures 2](#fig2){ref-type="fig"}I and 2J), suggesting that a different subpopulation of VTA VGluT2 neurons is responsive to the presence of reward but not to its absence.

Firing Rates of VTA VGluT2 Neurons before Reward {#sec2.3}
------------------------------------------------

Through video analysis of the times at which mice approached the reward port, we determined whether the changes in firing rate of VTA VGluT2 neurons were related to motor behavior before the receipt of the reward, or in response to the CS^+^ or CS^--^ cues. We found that 29.6% of VTA VGluT2 neurons (n = 8/27) had at least a 50% change in firing rate during approaches to the reward port while the CS^+^ was played ([Figures 3](#fig3){ref-type="fig"}A and 3B). For those neurons that lack approach-related responses and change firing rate following reward port entry (while the CS^+^ was played), the changes in firing rate began at the offset of the approach that coincided with reward receipt ([Figures 3](#fig3){ref-type="fig"}C and 3D). Thus the analysis of the approach-related firing appears useful for predicting the responsivity of VTA VGluT2 neurons to reward.Figure 3A Subpopulation of VTA VGluT2 Neurons Changes Firing Rate during Approaches to Retrieve Rewards(A) VTA VGluT2 neuron showing an increase in firing rate during approaches to the reward port during CS^+^ trials. Approach duration is shaded in green, with approach onset at time 0 and end of green shading the offset of approach in which the reward port was entered.(B--D) (B) Distribution of VTA VGluT2 neuron changes in firing rate during the CS^+^ approach. Most approach-related firing rates were increases from baseline. VTA VGluT2 neurons that decreased (C) or increased (D) their firing rates at the approach offset, which coincided with reward consumption.(E--G) Correlation of changes in firing rate between pre-reward port entry during CS^+^ and CS^E^ trials (E), pre-reward port entry during CS^+^ and CS^--^ trials (F), and pre-reward port entry during CS^--^ and CS^E^ trials (G).(H) Correlation coefficients of changes in firing rate for pre-reward port entry during CS^+^ and CS^E^ trials, CS^--^ and CS^E^ trials, and CS^--^ and CS^E^ trials. A significantly stronger correlation was found between changes in firing rate before reward port entries for CS^+^ and CS^E^ compared with correlations involving CS^--^.\*p \< 0.05.

We further assessed whether the changes in firing rate before reward port entry differed with reward expectation by comparing the correlations of changes in firing rate during the two seconds before reward port entry for CS^+^, CS^E^, or CS^--^ trials. Pre-reward port entry was used as a node for these analyses because some neurons had less than five video-scored approach movements for CS^--^ or CS^E^ trials. Changes in firing rate were significantly correlated for all pre-reward port entry conditions ([Figures 3](#fig3){ref-type="fig"}E--3G). However, the correlation of changes in firing rate before reward port entry for CS^+^ or CS^E^ trials was significantly greater than the correlation between changes in firing rate before CS^+^ or CS^--^ reward port entries (z = −2.45, p \< 0.05), as well as for the correlation of changes in firing rate before CS^--^ or CS^E^ reward port entries (z = 2.29, p \< 0.05) ([Figures 3](#fig3){ref-type="fig"}E and 3F). Thus the changes in firing rate by VTA VGluT2 neurons related to reward-seeking behavior differ when the CS^+^ is played versus the CS^--^, suggesting that the approach-related firing is sensitive to reward expectancy.

We next determined whether VTA VGluT2 neurons were responsive to learned cues and found that 11.11% of the recorded neurons (n = 3/27) showed at least a 50% change in firing rate from baseline in response to both the CS^+^ and CS^--^ ([Figure 4](#fig4){ref-type="fig"}A). Only one neuron had CS^+^ evoked firing that was clearly greater than the CS^--^ evoked response ([Figures 4](#fig4){ref-type="fig"}B and 4C). A different subpopulation of recorded VTA VGluT2 neurons (n = 5/27) had at least a 50% change in firing rate in response to only the CS^--^ ([Figures 4](#fig4){ref-type="fig"}D and 4E).Figure 4A Subpopulation of VTA VGluT2 Neurons Are Cue Responsive(A) Scatterplot of VTA VGluT2 neuron changes in firing rate evoked by the CS^+^ or CS^--^.(B and C) A single VTA VGluT2 neuron that increased its firing rate at least 50% from baseline in response to both the CS^+^ (B) and CS^--^ (C). The CS^+^ evoked response is clearly stronger than the CS^--^ evoked response.(D and E) A single VTA VGluT2 neuron that was unresponsive to the CS^+^ (D) but increased its firing rate at least 50% from baseline in response to the CS^--^ (E).

Firing Rates of VTA VGluT2 Neurons during Aversion {#sec2.4}
--------------------------------------------------

We determined whether the same VTA VGluT2 neurons previously recorded during the reward task (see earlier discussion) were responsive to an aversive stimulus by recording their firing rate in response to an airpuff stimulus ([Figure 5](#fig5){ref-type="fig"}A). We found that over three-quarters of the recorded neurons (n = 23/27) had at least a 50% increase in firing rate during the airpuff compared with baseline ([Figures 5](#fig5){ref-type="fig"}B and 5C). We detected a significant increase in baseline firing rates in response to consecutive airpuff stimuli compared with the cue baseline recorded during the reward task, t(26) = −2.18, p \< 0.05 ([Figure 5](#fig5){ref-type="fig"}D). Thus it appears that VTA VGluT2 neurons not only increased their firing rate in response to airpuff, but also entered an elevated state of firing during the consecutive airpuffs. To determine how single VTA VGluT2 neurons respond to both rewarding and aversive stimuli, we compared their changes in firing rate following reward port entry during CS^+^ trials and changes in firing rate during the airpuff stimulus. By a hierarchical cluster analysis, we detected two subpopulations of VTA VGluT2 neurons. We found that, although most VTA VGluT2 neurons had firing rates less than or equal to baseline during reward and increased firing rates during airpuff stimuli (n = 24/27), approximately 10% of the neurons increased their firing rates during both rewarding and aversive events (n = 3/27) ([Figure 5](#fig5){ref-type="fig"}E).Figure 5A Large Subpopulation of VTA VGluT2 Neurons Increases Firing Rate in Response to Airpuff Delivery(A) Mice received consecutive airpuffs following the reward task.(B) VTA VGluT2 neuron showing an increase in firing rate in response to airpuff stimulus (time 0). Airpuff duration is shaded in red.(C) Changes in firing rate of each recorded VTA VGluT2 neuron in response to the airpuff (onset, time 0). Color indicates change in firing rate from baseline (0 is no change from baseline; negative values are decreases in firing rate from baseline, and increasing values are increases in firing rate from baseline).(D) Baseline firing rates were significantly elevated during consecutive airpuffs compared with the cue baseline during the reward task.(E) Scatterplot of VTA VGluT2 neuron changes in firing rate during airpuff delivery and following reward port entry during CS^+^ trials paired to sucrose delivery. Two subpopulations of VTA VGluT2 neurons were identified by cluster analysis, those increasing their firing rate in response to both reward and airpuff (green dots) and those increasing their firing rates in response to the airpuff but decreasing or not changing their firing rates in response to reward (red dots).\*p \< 0.05.

Discussion {#sec3}
==========

VTA VGluT2 neurons are diverse in their molecular composition ([@bib9], [@bib37], [@bib38], [@bib24]), efferent projections ([@bib37], [@bib38], [@bib24], [@bib30]), and synaptic connectivity ([@bib4], [@bib24], [@bib34], [@bib20]). In addition, optogenetic studies have implicated VTA VGluT2 neurons in a variety of motivational states, including aversion ([@bib23], [@bib14], [@bib15], [@bib20]), reward ([@bib34], [@bib39]), perseveration ([@bib8]), depression ([@bib20]), and sociability ([@bib11]). Here, consistent with the molecular, circuit, and functional diversity among VTA VGluT2 neurons, we demonstrate that there are subpopulations of VTA VGluT2 neurons whose firing rates are altered by sucrose reward, airpuff delivery, learned cues, or reward approach movements.

VTA neurons expressing VGluT2 are in close proximity to neighboring areas containing high concentrations of VGluT2 neurons (e.g., red nucleus, supramammillary nucleus, medial terminal nucleus of the accessory optic tract found in the VTA and surrounding areas) ([@bib37]). Thus we utilized fixed organized arrays of stainless steel microelectrodes surrounded by an optic fiber to unambiguously record VGluT2 neurons located within the VTA. Although this approach allows the precise localization of individual microelectrodes within or outside the VTA, the light is delivered more strongly to microwires proximal to the fiber and less strongly to those distal to the fiber. In addition to light intensity, VTA VGluT2 neurons are known to be significantly more hyperpolarized than other VTA neurons ([@bib7]). Thus these two factors may potentially contribute to the difficulty in the optogenetic identification of VTA glutamatergic neurons when compared with other VTA cell types. In our recordings, we considered a neuron to be ChR2 responsive when the neuron had at least 60% fidelity to fire an action potential in response to 5 ms of 473 nm light and a response latency below 15 ms, as previously implemented by Kravitz and colleagues using fixed organized arrays of microelectrodes ([@bib10]). However, other methods and criteria have been used for identifying ChR2-mediated responsive neurons ([@bib3], [@bib19], [@bib28], [@bib10], [@bib41]). We found a mean latency of 7.8 ms for VTA VGluT2 ChR2-responsive neurons. This latency duration is similar to that reported of macaque midbrain dopamine neurons ([@bib28]) but of less duration than that of rat principal entorhinal neurons ([@bib41]). Thus it is likely that different cell types require different criterion for defining ChR2-responsive neurons. In our studies, we concluded that most of the neurons with latency greater than 10 ms had small to no change in firing rates during reward; none of the three neurons that increased firing rates to both reward and airpuff were under this category. We found that 7 of 27 VTA VGluT2 ChR2-responsive neurons had latencies greater than 10 ms, but the removal of these neurons from the dataset did not change our conclusion on segregating VTA VGluT2 neurons into neurons that are responsive to an aversive stimulus or neurons that are responsive to salience. This conclusion was also maintained in VTA VGluT2 ChR2-responsive neurons with latencies less than 6.5 ms. Thus, although it is possible that a minority of neurons categorized as ChR2 responsive were influenced by polysynaptic glutamate release, removal of these neurons does not change the conclusions of the study.

Two Major Subpopulations of VTA VGluT2 Neurons Based on Their Firing Patterns in Response to Rewarding or Aversive Stimuli {#sec3.1}
--------------------------------------------------------------------------------------------------------------------------

We identified a subpopulation of VTA VGluT2 neurons whose firing rates decreased in response to sucrose reward but increased in response to an aversive stimulus (airpuff). We suggest that the subpopulation of VTA VGluT2 neurons showing a decrease in firing rate in response to reward and an increase in response to airpuff signals aversion. These VTA VGluT2 neurons are likely to correspond to the previously identified "type III VTA neurons," which are shown to lack both dopaminergic and GABAergic phenotypes and are inhibited during reward but activated by airpuff ([@bib3]). One difference between our recordings of VTA VGluT2 neurons and type III VTA neurons is that type III VTA neurons begin decreasing firing rates during the delay period before reward, whereas we found that VTA VGluT2 neurons decrease firing rates at the time of reward port entry. Differences in the freely moving recording conditions performed here and the head-fixed recordings used to identify type III VTA neurons may be responsible for the observed difference in the onset of decreasing firing rates during reward-seeking behavior. Specifically, anticipatory licking behavior occurs in the delay period in the head-fixed recording preparation, whereas licking behavior occurs only following reward port entry in our freely moving preparation. Nevertheless, a role of VTA glutamatergic neurons in aversion is also congruent with electrophysiological recordings in anesthetized rats, showing that a population of non-dopaminergic neurons is excited by aversive stimuli ([@bib31]). Consistent with the participation of VTA VGluT2 neurons in aversion, optogenetic activation of fibers from VTA VGluT2 neurons within the lateral habenula or nucleus accumbens shell elicits aversive conditioning ([@bib23], [@bib14], [@bib20]). We also found that the baseline firing rates of VTA VGluT2 neurons were elevated in response to consecutive airpuff deliveries. This increased baseline firing of VTA VGluT2 neurons may reflect the anticipation of further aversive stimuli.

We identified, in addition to the VTA VGluT2 neurons that signal aversion, a subpopulation of VTA VGluT2 neurons whose firing rates are increased in response to both sucrose reward and airpuff. We suggest that this subpopulation of VTA VGluT2 neurons signals salient stimuli. It is unclear to what extent these glutamatergic neurons overlap with previously reported putative VTA dopamine neurons implicated in signaling salience in primates ([@bib17], [@bib2]). However, a recent study demonstrated that VTA glutamatergic neurons are intermingled with dopamine neurons in both nonhuman VTA and human VTA ([@bib26]), suggesting the possibility that some nonhuman primate midbrain salience signaling neurons are glutamatergic.

Two Major Subpopulations of VTA VGluT2 Neurons Based on Their Responses to Reward Expectation or the Presence of Reward {#sec3.2}
-----------------------------------------------------------------------------------------------------------------------

We found that most VTA VGluT2 neurons have greater changes in firing rate following reward port entries in response to the CS^+^ compared with the CS^--^, which suggests a differential expectation of reward. We further determined the extent to which changes in firing rate were due to the absence of reward during CS^--^ trials or reward expectancy signaling by the CS^+^ that mice learned to associate with sucrose delivery. By comparing the changes in firing rate following reward port entries in response to "CS^+^ reward" trials (CS^+^ paired to sucrose delivery during training days and recording sessions) and to "CS^E^ error" trials (CS^+^ paired to sucrose delivery during training days but not during recording sessions) we identified two subpopulations of VTA VGluT2 neurons. In one of these subpopulations, we found that the firing rate of VTA VGluT2 neurons (approximately half of recorded neurons) did not differ between reward port entries for "CS^+^ reward" trials and "CS^+^ error" trials. Thus we conclude that this subpopulation of VTA VGluT2 neurons is responsive to the expectation of reward and suggest that these neurons correspond to the previously identified "type III" VTA neurons, shown to be non-dopaminergic, non-GABAergic, but responsive to the expectation of reward ([@bib3]). In the other subpopulation, we found that the changes in firing rate of VTA VGluT2 neurons (approximately half of recorded neurons) were greater during CS^+^ reward trials compared with CS^+^ error trials and suggest that this subpopulation of VTA VGluT2 neurons signals the presence of predicted reward.

Subpopulations of VTA VGluT2 Neurons Based on Their Response to Learned Cues or Reward Seeking {#sec3.3}
----------------------------------------------------------------------------------------------

We found, in addition to the increase in firing rates by a major subpopulation of VTA VGluT2 neurons in response to airpuff, a small subpopulation of VTA VGluT2 neurons that selectively signals the CS^--^. These patterns of responses by VTA VGluT2 neurons parallel those detected in neurons of non-human primate LHb, a structure innervated by VTA VGluT2 neurons ([@bib24], [@bib21], [@bib27]) showing increased firing rates in response to CS^--^ in a reward task, or airpuff ([@bib16]). Thus the similarities in firing patterns by both VTA VGluT2 and LHb neurons in response to CS^--^ or aversive stimuli provide further evidence for the functional connectivity between VTA glutamatergic neurons and LHb neurons. Regarding functional connectivity between VTA VGluT2 neurons and LHb, several studies have shown that LHb photostimulation of fibers from VTA VGluT2 neurons is aversive ([@bib15], [@bib14], [@bib23]), but see [@bib39]. A different subpopulation of VTA VGluT2 neurons was detected to signal both CS^+^ and CS^--^. The signaling to both CS^+^ and CS^--^ has been previously observed in VTA neurons in primate and rabbit, although their phenotype was not defined ([@bib17], [@bib2], [@bib6]).

We also detected a subpopulation of VTA VGluT2 neurons whose firing rates increased while mice were approaching the reward port. Similar approach-related changes in firing rate have been observed in ventral pallidal neurons ([@bib22]), which strongly regulate the VTA ([@bib25]) and synapse onto VTA glutamate neurons ([@bib5]). Thus we suggest that inputs from the ventral pallidum to VTA VGluT2 neurons are potentially part of a circuit underlying reward approach firing patterns.

Concluding Remarks {#sec3.4}
------------------

We electrophysiologically identified two major subpopulations of VTA VGluT2 neurons, a major subpopulation of VGluT2 neurons whose firing rate decreases in response to sucrose reward and increases in response to airpuff. This subpopulation may play a role in the aversive effects observed in response to optogenetic stimulation of axon terminals from VTA VGluT2 neurons ([@bib23], [@bib14], [@bib15], [@bib20]). The other major subpopulation of VGluT2 neurons increases its firing rate in response to sucrose reward and in response to airpuff, suggesting that this subpopulation may play a role in the rewarding effects observed in response to VTA photostimulation of VGluT2 neurons ([@bib34], [@bib39]). We also identified a subpopulation of VTA VGluT2 neurons that changes its firing rate whether an expected reward is delivered or not, suggesting that this subpopulation signals reward expectation. We detected another subpopulation of VTA VGluT2 neurons that changes its firing rate when an expected reward is delivered but is unchanged when the expected reward is omitted, suggesting that this subpopulation of neurons signals the presence of reward. We found that some VTA VGluT2 neurons increase their firing rate in response to learned cues or actions to obtain sucrose reward. As VTA VGluT2 neurons are heterogeneous in their molecular composition and circuitry ([@bib18], [@bib24], [@bib20], [@bib34]), we suggest that this heterogeneity is likely to contribute to functional diversity among subpopulations of VTA VGluT2 neurons that signal different aspects of motivation.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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